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A B S T R A C T
Background: The purpose of the present study was to evaluate the tissue characteristics of plaques with
moderate or mild stenosis in the inner and outer curvature of the left anterior descending artery (LAD)
using integrated backscatter intravascular ultrasound.
Methods: We evaluated 66 plaques with moderate stenosis (plaque burden >50% but 75%) and
49 plaques with mild stenosis (plaque burden >30% but 50%) in 66 patients undergoing percutaneous
intervention to the LAD. All plaques were >10 mm away from any side branch or previously implanted
stents. We divided vessel cross-sections into four quadrants (inner curvature, outer curvature, clockwise
lateral side, and counterclockwise lateral side) using the septal branch as a landmark for the inner
curvature. We averaged relative lipid area, relative ﬁbrous area, and relative calciﬁed area in minimal
lumen area (MLA), three cross-sections proximal to the site of MLA, and three cross-sections distal to the
site of MLA.
Results: In plaques with moderate stenosis, the relative lipid area in the inner curvature was signiﬁcantly
greater than in the outer curvature and lateral sides, whereas there was no signiﬁcant difference in
plaques with mild stenosis.
Conclusion: The present study provides new ﬁndings that lipid pool is clustered in the inner curvature
and ﬁbrous tissue is clustered in the outer curvature of plaques with moderate stenosis in non-branching
LAD lesions.
 2015 Japanese College of Cardiology. Published by Elsevier Ltd. All rights reserved.
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The stability of atherosclerotic plaques is related to histological
composition and the thickness of ﬁbrous caps. Therefore, recognition
of the tissue characteristics of coronary plaques is important to
understand and prevent acute coronary syndrome [1,2]. Atheroscle-
rotic plaques in coronary arteries are unevenly distributed within the
coronary tree in the same patient exposed to the same risk factors
[3]. Several reports have shown that theseuneven distributions are due
to the difference of wall shear stress [4,5] and blood ﬂow turbulence
[6]. Low shear stress accelerates atherosclerosis at midcap regions
downstream from the stenosis in the inner curvature of the vessel* Corresponding author at: Department of Cardiology, Gifu University Graduate
School of Medicine, 1-1 Yanagido, Gifu 501-1194, Japan. Tel.: +81 58 230 6523;
fax: +81 58 230 6524.
E-mail address: masanori@ya2.so-net.ne.jp (M. Kawasaki).
http://dx.doi.org/10.1016/j.jjcc.2015.01.010
0914-5087/ 2015 Japanese College of Cardiology. Published by Elsevier Ltd. All rightscompared with the outer curvature [7]. However, differences in tissue
components between the inner and outer curvature have not been
adequately investigated in vivo.
Intravascular ultrasound (IVUS) allows cross-sectional imaging
of coronary arteries and provides a comprehensive assessment of
atherosclerotic plaques in vivo [8,9]. We previously reported that
integrated backscatter (IB)-IVUS had high sensitivity and speciﬁci-
ty (90–95%) for the tissue characterization of coronary plaques
using histology as a gold standard [10–13]. In those studies, we
constructed two-dimensional (2D) or three-dimensional (3D)
color-coded maps of plaque components based on the IB values
[10–14]. The reliability and the usefulness of IB-IVUS have been
established in many previous reports [10–16].
The purpose of the present study was to evaluate the tissue
characteristics of coronary plaques with moderate or mild stenosis
in the inner and outer curvature of the left anterior descending
coronary artery (LAD) using IB-IVUS. reserved.
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Patients and coronary plaques
We enrolled 293 consecutive patients with stable angina pectoris
who were undergoing percutaneous coronary intervention (PCI) to
the LAD (Fig. 1). We selected the LAD because the septal branch was
able to indicate the inner curvature and showed similar morphology
in almost all patients. Right coronary and left circumﬂex arteries
were excluded because they often have ectasia that results from
medial replacement of smooth muscle cells with hyalinized collagen
and this is not typical of coronary atherosclerotic lesions [17]. Non-
targeted plaques with moderate stenosis (plaque burden at the
minimal lumen area >50% but 75%) that were apart from any side
branch or previously implanted stents more than 10 mm were
evaluated in order to potentially minimize the effects of blood ﬂow
turbulence due to vessel branching [6]. After enrolling eligible
patients, plaques with mild stenosis (plaque burden at the minimal
lumen area >30% but 50%) that were >10 mm away from any side
branch or previously implanted stents were also included in the
analysis, when eligible plaques with mild stenosis were present.
Patients were excluded if they had unstable angina or myocardialFig. 1. Study ﬂow chart. LAD, left anterior descending artery; PCI, percutaneous
coronary intervention.infarction within the previous three months, an ejection fraction
30%, or chronic atrial ﬁbrillation that resulted in different pattern
of blood ﬂow in coronary arteries. Plaques with an arc of calciﬁcation
>308 were excluded in order to perform rigorous analysis because
acoustic shadow due to calciﬁcation hinders the rigorous measure-
ment of plaque components. Plaques with an imaging quality that
was not adequate for analysis were also excluded. Risk factors for
coronary artery disease were evaluated in enrolled patients,
including hypertension (medication-dependent or systolic blood
pressure 140 mmHg and/or diastolic blood pressure 90 mmHg),
type 2 diabetes mellitus [medication-dependent or hemoglobin
(Hb) A1c  6.5%], dyslipidemia (medication-dependent, low-density
lipoprotein cholesterol 140 mg/dl and/or high-density lipoprotein
cholesterol <40 mg/dl), and current smoking. The protocol was
approved by the institutional ethics committees and informed
consent was obtained from each patient.
Integrated backscatter intravascular ultrasound system and data
acquisition
An IVUS imaging system (VISIWAVE, Terumo, Tokyo, Japan) was
used to obtain cross-sectional IB-IVUS images. Ultrasound back-
scattered signals were acquired using a 38 MHz mechanically
rotating IVUS catheter (ViewIT, Terumo). The details of the system
and its clinical usefulness have been reported previously
[10–13]. We administered an optimal dose of intracoronary
isosorbide dinitrate before the measurements for the prevention
of coronary spasm. The IVUS catheter was advanced into the
coronary artery and IB-IVUS images were acquired at the site of the
plaques. We analyzed seven cross-sections in each lesion [minimal
lumen area (MLA), 0.5 mm, 1.0 mm, and 1.5 mm proximal and
distal to the site of MLA]. Cross-sectional images were quantiﬁed
for lumen area (LA), external elastic membrane area (EEMA), and
plaque area (PA = EEMA  LA) by use of software included with the
IVUS system. We divided vessel cross-sections into four quadrants
(inner curvature, outer curvature, clockwise lateral side that is the
usual origin of diagonal branch, and counterclockwise lateral side
that is not the origin of diagonal branch) using the septal branch as
a landmark of the inner curvature (Fig. 2). We divided vessel cross-
sections using the center of IVUS catheters as a landmark.
We averaged relative lipid area, relative ﬁbrous area, and
relative calciﬁed area in seven cross-sections. The eccentricity rate
was calculated at the lesion of MLA as: (maximum plaque plus
media thickness – minimum plaque plus media thickness)/
maximum plaque plus media thickness. The remodeling index
was deﬁned as the ratio of EEM area at the lesion of MLA to average
of EEM area at the proximal reference site and EEM area at the
distal reference site. Radius of curvature of analyzed lesions was
measured on right anterior oblique view of angiogram.
Angiographic stenosis was analyzed using an automated edge-
detection algorithm (System Syngo X-workplace, Siemens, Mountain
View, CA, USA). By using a contrast-ﬁlled guiding catheter as
calibration, minimal luminal diameter and reference vessel diameter
were measured from the projection with the least foreshortened view
that was selected from multiple projections, and the least value of
minimal luminal diameters was measured. The reference vessel
diameter was averaged from user-deﬁned angiographically normal
segments proximal and distal to the stenosis.
Construction of 3D IB-IVUS images
We constructed 3D color-coded maps for a representative
image combining 17 cross-sections (every 1 mm axial interval for
8 mm proximal, and distal to the site of minimal lumen area). The
3D construction was performed automatically by connecting
consecutive 2D IB-IVUS images using computer software (T3D,
Fortner Research LLC, Sterling, VA, USA).
Fig. 2. Four quadrants of intravascular ultrasound cross-sections using the septal branch as a landmark of inner curvature. (A) Conventional intravascular ultrasound image.
Red arrow, direction of septal branch; *, attenuation by guide wire. (B) Four quadrants of cross-sections. C, clockwise; CC, counterclockwise. (C) Representative cross-sectional
images that showed mild stenosis. (D) Representative cross-sectional images that showed moderate stenosis. Red arrow, direction of septal branch; *, attenuation by guide
wire. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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We determined the interobserver variability of relative lipid
area in the inner and outer curvature using 20 randomly selected
cross-sections that were measured by two observers in a blinded
manner. Likewise, we determined the intraobserver variability
of relative lipid area in the inner and outer curvature using
20 randomly selected cross-sections that were measured
twice by one observer with a 7-day interval between the two
measurements.
Statistical analyses
Data are reported as the mean  standard deviation (SD). The
normality of distributions was tested using the Kolmogorov–Smirnov
test. The signiﬁcance of differences between groups that were
normally distributed and had similar variances was tested by an
unpaired Student’s t test. Otherwise, a Mann–Whitney U test was
used to compare the differences between groups. Categorical data
were summarized as percentages and compared using a Chi-square
test or Fisher’s exact test. Relative areas of each tissue component
among the four quadrants of the vessel wall were compared with
one way analysis of variance followed by Scheffe’s method for post
hoc comparisons. Differences among proportions of the side that
had the maximal relative area were assessed using the Chi-square
test for goodness of ﬁt by constructing 2  4 contingency tables,
and cell contribution rate was used for post hoc comparison.A p-value <0.05 was considered statistically signiﬁcant. Statistical
analyses were performed using Stat View version 5.0 (SAS Institute
Inc, Cary, NC, USA).
Results
Patient characteristics
From 293 patients enrolled, 227 patients were excluded due to
the exclusion criteria or for technical reasons (Fig. 1). Finally,
66 plaques with moderate stenosis in 66 patients were analyzed. In
these 66 patients, 49 eligible plaques with mild stenosis were
detected and analyzed. All patients underwent IB-IVUS analysis
without any complications. The patients’ characteristics are shown
in Table 1.
Reproducibility and reliability of measurements
The interobserver correlation coefﬁcient and mean difference in
relative lipid area were 0.99 and 1.4  0.4%, respectively. The
interobserver correlation coefﬁcient and mean difference in relative
ﬁbrous area were 0.97 and 2.5  1.4%, respectively. The intraobserver
correlation coefﬁcient and mean difference in relative lipid area were
0.99 and 1.0  0.9%, respectively. The intraobserver correlation
coefﬁcient and mean differences in relative ﬁbrous area were
0.98 and 2.1  1.0%, respectively.
Table 1
Clinical and laboratory characteristics.
(n = 66)
Men, % 54 (82)
Age, years 73  8
Clinical history, n (%)
Myocardial infarction 24 (36)
Previous coronary bypass graft 0 (0)
Hypertension 42 (63)
Dyslipidemia 32 (48)
Current smoker 8 (12)
Diabetes mellitus type 2 36 (55)
Medication, n (%)
Anti-platelet medications 66 (100)
Statins 32 (48)
Calcium channel blockers 32 (48)
Beta-blockers 18 (27)
Insulin 16 (24)
ARBs or ACEIs 40 (61)
Laboratory parameters
Total cholesterol, mg/dl 171  34
Triglycerides, mg/dl 121  62
HDL cholesterol, mg/dl 47  12
LDL cholesterol, mg/dl 100  31
Hemoglobin A1c, % 6.3  1.3
C-reactive protein, mg/dl 0.20  0.23
Values are mean  SD. ARBs, angiotensin II receptor blockers; ACEIs, angiotensin-
converting enzyme inhibitors; HDL, high-density lipoprotein; LDL, low-density
lipoprotein.
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The angiographic and conventional IVUS characteristics are
shown in Table 2. There was no signiﬁcant difference in vessel area
between the plaques with moderate stenosis and mild stenosis.
However, plaques with moderate stenosis had a signiﬁcantly
greater eccentricity rate (0.67  0.13 vs. 0.49  0.14, p < 0.001) and
a signiﬁcantly greater remodeling index (1.05  0.09 vs. 0.99  0.07,
p < 0.001) than plaques with mild stenosis.
The angle of the region with maximal plaque thickness from
the mid-point of the septal take-off was +12.4  68.48 in plaques
with moderate stenosis and +14.7  64.68 in plaques with mild
stenosis, but the difference was not signiﬁcant. The regions ofTable 2
Angiographic and intravascular ultrasound characteristics.
PCI target lesion location in left anterior descending artery, n (%) 
Proximal, n (%) 
Mid, n (%) 
Distal, n (%) 
Analyzed lesion location in left anterior descending artery, n (%) 
Proximal, n (%) 
Mid, n (%) 
Distal, n (%) 
Angiographic stenosis, % 
Radius of curvature, mm 
Average vessel area, mm2
Average lumen area, mm2
Average plaque area, mm2
Inner curvature 
Outer curvature 
Clockwise lateral side 
Counterclockwise lateral side 
Average plaque burden, % 
Eccentricity rate 
Remodeling index 
Angle of region with maximum plaque thickness from the septal branch, 
Values are mean  SD.
PCI, percutaneous coronary intervention.maximal plaque thickness were located between the direction of the
septal branch and diagonal branch in both plaques with moderate
and mild stenosis.
Comparison of tissue characteristics between the inner and outer
curvature
In plaques with moderate stenosis, the relative lipid area in
the inner curvature (52  16%) was signiﬁcantly greater than that
in the clockwise lateral side (42  14%), outer curvature (35  18%)
and counterclockwise lateral side (39  16%), whereas there was
no signiﬁcant difference in the relative calciﬁcation area (2  2%,
2  2%, 2  3%, and 3  7%, respectively) (Fig. 3). The relative
ﬁbrous area in the inner curvature (48  16%) was signiﬁcantly
lower than that in the clockwise lateral side (59  13%), outer
curvature (66  15%), and counterclockwise lateral side
(61  16%). In the plaques with mild stenosis, there were no
signiﬁcant differences in the relative lipid, ﬁbrous, and calciﬁcation
area among the four quadrants of the vessel wall.
The side that had the maximal relative lipid area was the inner
curvature in plaques with moderate stenosis (Fig. 4). The side that
had the maximal relative ﬁbrous area was the outer curvature in
plaques with moderate stenosis (Fig. 4). However, there were no
such differences in plaques with mild stenosis.
Representative 3D IB-IVUS images combining 17 cross-sections
(every 1 mm axial interval for 8 mm proximal and distal to the site
of minimal lumen diameter) are shown in Fig. 5. These images
show the differences in the distribution of each tissue component
in the inner and outer curvature.
Discussion
In the present study, we evaluated the tissue characteristics of
coronary plaques with moderate and mild stenosis in the inner
curvature and outer curvature using IB-IVUS. The lipid pool clustered
in the inner curvature, and ﬁbrous tissue clustered in the outer
curvature in plaques with moderate stenosis in the non-branching
LAD lesions. However, there were no signiﬁcant differences in lipid
and ﬁbrous distribution in plaques with mild stenosis.Moderate stenosis (n = 66) Mild stenosis (n = 49) p-Value
0.95
41 (62) 31 (63)
23 (35) 17 (35)
2 (3) 1 (2)
0.98
25 (38) 22 (45)
17 (26) 12 (24)
24 (36) 15 (31)
43.9  6.9 12.0  4.6 <0.001
55.2  27.7 53.4  28.4 0.81
12.2  3.7 13.0  3.7 0.20
4.3  1.7 7.0  2.0 <0.001
7.9  2.7 6.0  1.5 <0.001
2.8  0.9 1.7  0.5 <0.001
1.4  0.9 1.3  0.4 0.82
2.2  0.7 1.5  0.3 0.004
1.4  0.6 1.4  0.3 0.84
63.8  7.2 46.5  3.6 <0.001
0.67  0.13 0.49  0.14 <0.001
1.05  0.09 0.99  0.07 <0.001
+12.4  68.4 +14.7  64.6 0.89
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Fig. 3. Distribution of tissue components in the four quadrants in plaques with moderate stenosis. Inner, inner curvature; CC lateral, counterclockwise lateral side; Lateral,
clockwise lateral side; Outer, outer curvature. *p < 0.05.
Fig. 4. The side that had the maximal relative tissue components of each quadrant in plaques with moderate and mild stenosis. Red, inner curvature. Blue, outer curvature. Green,
clockwise lateral side. Purple, counterclockwise lateral side. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 5. Representative images of three-dimensional integrated backscatter intravascular ultrasound.
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curvature
Atherosclerotic plaques are unevenly distributed within the
coronary arterial trees due to blood ﬂow turbulence and the
difference of wall shear stress from blood ﬂow [4–6]. Wall shear
stress is a function of the velocity gradient of blood near the
endothelial surface and is directly proportional to blood ﬂow and
blood viscosity [7]. Previous pathological studies demonstrated
that atherosclerotic plaques were mainly located on the myocar-
dial side of the coronary arterial wall and the side opposite from
major branches [18–20]. A previous study that used conventional
IVUS reported that plaques were oriented signiﬁcantly more often
toward the myocardial side, as compared with the epicardial or
lateral side [21]. In the present study, the lipid pool in plaques with
moderate stenosis clustered in the inner curvature that generally
had low shear stress. The results of the present study are
concordant with the ﬁndings of previous pathological studies.
However, there was no signiﬁcant difference in the relative lipid
area between the clockwise lateral side and the counterclockwise
lateral side. This could be because only non-branching lesions
were included in the present study to potentially minimize the
effects of turbulence.
In plaques with mild stenosis, there were no signiﬁcant
differences in the relative lipid and ﬁbrous area among the four
lesion locations. This may be because in the present study,
plaques with mild stenosis were deﬁned as those with
plaque burden >30% but 50%, as measured by IVUS. These
plaques caused only subclinical stenosis based on angiography
(21.0  5.6%) and may not have had sufﬁcient time to be affected
by differences in shear stress or turbulence. There are few articles
on the evolution of early intimal cell masses in humans, and
none of these clarify the precise pathological mechanisms of
development [22,23].Distribution of maximal plaque thickness
In the present study, the regions of maximal plaque thickness
were located around the direction of the inner curvature in plaques
with moderate stenosis (+12.4  68.48 from the mid-point of the
septal take-off) and this was similar to what was found in plaques
with mild stenosis (+14.7  64.68 from the mid-point of the septal
take-off). A previous study using conventional IVUS reported that 87%
of the coronary segments exhibited points of maximal plaque width
on the myocardial side, whereas only 13% exhibited points on the
pericardial side [24]. The results of the present study are consistent
with the results of the previous study.
Angle of region with maximum plaque thickness from the
septal branch was found to be similar in plaques with moderate
and mild stenosis in the present study, whereas the tissue
components were different between plaques with moderate and
mild stenosis. This suggests that early atherosclerotic lesions in
coronary arteries progress eccentrically and are affected by blood
ﬂow, but tissue components are relatively homogenous.
Clinical implications
Approximately two-thirds of plaques that cause acute coronary
syndrome have mild to moderate stenosis [25]. This ﬁnding
suggested that less obstructive plaques are also vulnerable to cause
acute coronary syndrome as well as plaques with severe stenosis, and
suggested that assessment of the angiographic severity of
coronary stenosis may be inadequate to accurately predict the
location of a subsequent acute coronary syndrome [26]. In the
present study, it was elucidated that the lipid pool clustered in
the inner curvature, and ﬁbrous tissue clustered in the outer
curvature in plaques with moderate stenosis in non-branching
LAD lesions. These ﬁndings have given rise to the notion that we
should pay attention to plaques with moderate stenosis that are
H. Sato et al. / Journal of Cardiology 66 (2015) 489–495 495located in the inner curvature of LAD in angiography rather than
plaques in the outer curvature to follow up the prognosis of the
patients, although tissue characterization of plaques by IVUS
and/or optical coherence tomography during PCI is also useful.
Study limitations
There are several limitations to the present study. First,
coronary arteries may run in a tortuous manner parallel to the
cardiac surface. Under these conditions, atherosclerotic plaques
cannot simply be classiﬁed in the inner and outer curvature. We
did not consider this tortuosity. When this tortuosity is considered,
the results of the present study would become more homogenous.
Second, we did not analyze plaques with clinically signiﬁcant
stenosis. The distribution of tissue components in plaques with
signiﬁcant stenosis is unclear. However, plaques with signiﬁcant
stenosis without causing acute coronary syndrome are mainly
formed by healing after plaque rupture with or without thrombus.
Tissue components in these plaques may be variable. Third, we
evaluated only a small number of patients because we excluded
plaques with inadequate imaging quality (plaques with an arc of
calciﬁcation >308 were also excluded) as much as possible in
order to perform rigorous and accurate analysis. Therefore, sub-
analysis in which the patients were divided according to systemic
atherosclerotic risk factors was not possible. Fourth, insertion of
IVUS and catheter position may modify the vessel curvatures and
the results of the present study. In addition, IB-IVUS cannot
compare the relative area of each tissue component among the
four quadrants of the vessel wall using the center of coronary
arteries as a landmark. Therefore, it is possible that accurate
comparison among the four quadrants of the vessel wall is
hindered when IB-IVUS catheters are located away from the
center of the vessel lumen. Finally, circumferential regional
differences in plaque compliance may inﬂuence plaque deforma-
tion that causes physical stress on intimal cells. Circumferential
regional differences in plaque compliance were not considered in
the present study because of technical difﬁculties. For the
evaluation of regional differences in plaque compliance, elasto-
graphy is needed [26].
Conclusions
The present study provided new ﬁndings that the lipid pool
clustered in the inner curvature, and ﬁbrous tissue clustered in the
outer curvature in plaques with moderate stenosis in non-
branching LAD lesions in vivo. These ﬁndings were different in
plaques with moderate and mild stenosis.
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